The influence of intra-cavity propagation delay in message encoding and decoding using chaotic semiconductor lasers is numerically investigated. A message is encoded at the transmitter laser by a chaos shift keying scheme and is decoded at the receiver by comparing its output with the transmitter laser. The requisite intra-cavity propagation delay in achieving synchronization of optical chaos is estimated by cross-correlation analysis between the transmitter and receiver lasers' output. The effect of intra-cavity propagation delay on the message recovery has been analyzed from the bit error rate performance. It is found that despite the intra-cavity propagation delay magnitude being less, it has an impact on the quality of message recovery. We also examine the dependency of injection rate, frequency detuning, modulation depth and bit rate on intra-cavity propagation delay and associated message recovery quality. We found that the communication performance has been adequately improved after incorporating intra-cavity propagation delay correction in the synchronization system.
Introduction
The development of high-speed, secure optical communication has been an important field of research in recent times and has been gaining momentum due to both the requirement scenario and the relevant technological advances [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The possibility of realizing secure optical communication using chaotic laser systems has attracted much attention after the realization of chaos synchronization in nonlinear systems [12] . Semiconductor diode lasers are best suited devices to produce broadband chaotic output and, thus, enable optical encoding and decoding processes [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . A typical secure optical communication scheme involves two semiconductor lasers acting as transmitter laser (TL) and receiver laser (RL), in which the transmitter's output intensity is rendered chaotic through optical feedback. Messages masked in the chaotic output of the transmitter can be decoded at the receiver, by achieving synchronization between TL and RL optical outputs. In solid-state lasers, the encoding and decoding binary bit-sequences had been demonstrated by Colet and Roy [33] . A square wave message embedded with erbium-doped fiber ring laser, where the chaotic signal generated by optical feedback, was experimentally demonstrated in 1998 [1] . Message encoding and decoding using a system of chaotic external-cavity semiconductor lasers have been demonstrated [34] .
Theory and System Model
The system under investigation consists of an external cavity semiconductor laser serving as the transmitter laser (TL), and another solitary semiconductor laser playing a role of receiver laser (RL). The TL is rendered chaotic by the external cavity optical feedback, and the chaotic output of TL is uni-directionally injected to RL. For our numerical analysis both TL and RL are modeled by suitably adapting the Lang-Kobayashi (L-K) rate Equations [13] . L-K model comprises of the laser rate Equations for slowly varying complex electric field E(t) and carrier density N(t) for both the lasers. The rate Equations for TL and RL are;
In these equations, the indices T and R refer to the transmitter and receiver lasers respectively. J is the lasers' injection current, e = 1.602 × 10 −19 C is the electron charge. G(t) = g 0 (N(t) − N th )/(1 + |E(t)| 2 ) is the optical gain, where carrier number at threshold N th = 1.5 × 10 8 , linear gain coefficient g 0 = 12 × 10 3 , gain saturation coefficient = 5 × 10 −7 , linewidth enhancement factor α = 3.8, carrier life time τ n = 2 ns, photon life time τ p = 2 ps. The lasers are operated at the wavelength λ = 830 nm. The frequency detuning between the laser is ∆ω = ω T − ω R = 2π∆ f , and the external-cavity round trip time is τ ext = 10 ns. The Gaussian noise sources ξ is with zero mean and unity variance [14] . Spontaneous emission rate β = 10 −6 ns −1 . κ is the transmitter laser's feedback rate and η is the injection rate between TL and RL. Throughout our investigations, the time of flight (τ f = 0) between TL and RL is kept zero. The time step is 0.2 ps in our simulations. The message signal is modulated (encoding message) with bias current of transmitter laser by CSK method [42] . In the first term of Equation (2), for encoding purpose the bias current of TL J T can be modified to J T = J m (1 + bM(t)), here b is modulation depth, M(t) is pseudo random sequence, i.e., M(t) = 1/2(−1/2) for a "1" ("0") bit and J m is bias current of transmitter laser.
The synchronization quality and the associated time delay between the transmitter and receiver laser are estimated by performing cross-correlation (CC) analysis between the outputs of transmitter and receiver laser. The CC in terms of time-shift (∆t) is given by
where the expectation denoted by ... is calculated via time average and I T,R =|E T,R | 2 is the total intensity output of the laser. In CC analysis plot, the prominent peak value evaluates the synchronization quality, and location of the peak corresponds to the time delay between TL and RL output. For the ideal case, C would be 1, which relates to perfect synchronization condition.
Chaos Synchronization
In this section, we establish the chaos synchronization between the transmitter and receiver laser and present the influence of intra-cavity propagation delay τ PD in the chaos synchronization. The transmitter and receiver laser rate equations, Equations (1)-(4), are numerically solved using the Runge-Kutta algorithm. We consider the chaos shift keying (CSK) scheme for encoding of message signal [37] . The transmitter laser's pump magnitude is modulated with a message and transmitted to the receiver laser. A digital message signal with 1.2 Gbit/s bit rate is encoded at the transmitter laser with modulation depth b = 0.2. In the simulation, we keep the parameter values as, κ = 9 ns −1 , τ ext = 10 ns, J m = 1.10I th , J R = 1.08I th , η = 15 ns −1 , ∆ f = 0, and τ f = 0. Although a higher bias currents of laser provides less distortion in the output intensities by the relaxation oscillation as well as provide higher modulation bandwidth, the influence of intra-cavity propagation delay τ PD is found to be more significant in the chaos synchronization of semiconductor lasers when the lasers are operated at low bias currents. Hence, we kept low bias currents for the TL and RL in our investigations.
The time evolution output of the transmitter (black trace) and receiver laser (red trace) are obtained and shown in Figure 1 . Here, the TL's time evolution output (black trace) contains both chaotic component arising due to the optical feedback and the message components due to the modulation of bias current. The difference between the laser's intensity is shown by the grey trace. The red trace (receiver laser) and grey trace (TL-RL) in Figure 1 are shifted vertically for clarity. Figure 2a shows the chaotic attractor of the transmitter laser in the phase space of the intensity and the carrier density. And, Figure 2b corresponds to the chaotic attractor of the receiver laser. The attractors in the transmitter and receiver lasers show the moderately different orbit since generalized synchronization and also due to the encoded message signal at the transmitter laser. The synchronization quality and the time delay between the coupled lasers are estimated by performing cross-correlation (CC) analysis between TL and RL. From the CC analysis, the prominent peak value (Cm) evaluates the synchronization quality, and location of the peak in time corresponds to the time delay between TL and RL output. A large value of C m indicates that good synchronization has been achieved. The obtained normalized correlation coefficients is illustrated in Figure 3 . The inset figure shows the expanded cross-correlation plot near zero and it can be seen clearly that, although the time of flight (τ f ) between transmitter and receiver laser is set to zero, the prominent correlation peak is not occurring exactly at zero. This peak shift in time, named as intra-cavity propagation delay (τ PD ), is eventually due to the propagation of transmitter laser's output within the receiver's cavity [48] , and it is found to be 32.8 ps in this case. The corresponding maximum correlation (C m ) value is found to be 0.85. Essentially, this intra-cavity propagation delay time correction should be incorporated in order to obtain a better synchronization between transmitter and receiver laser. Experimental observation of this additional-time delay has been recently demonstrated in chaos synchronization of coupled semiconductor lasers. It is shown that such additional time delay is not arbitrary in character but has a definite functional dependence on a parameter such as injection rate [50] . Despite the intra-cavity propagation delay magnitude is in the order of pico-seconds, cannot be discounted as marginal addition of knowledge and hence in this work we have systematically carried out its effect on secure optical communication using diode lasers.
Time-shift t (ps) To further characterize the intra-cavity propagation delay and synchronization properties, we have analyzed the robustness of synchronization and the associated τ PD against variations of the coupling parameters. The maximum correlation coefficient C m and τ PD are computed in the plane of the injection parameters (frequency detuning (∆ f ) versus injection rate (η)). Thus we obtained two maps for maximal correlation C m variation and intra-cavity propagation delay τ PD which are displayed in Figure 4 and 5, respectively. In Figure 4 , we observe that a stronger injection is needed to obtain synchronization for larger detuning and shows asymmetry with respect to the zero detuning. The maximal correlation of C m ≥ 0.93 (dark red) is expected for higher injection. For lower injection with larger detuning, lower degrees of correlation (blue region) is observed. The shape of the synchronization region is similar to the one reported for different schemes using edge emitting semiconductor lasers [15] . The correlation time-shift (intra-cavity propagation delay τ PD ) required to obtain the maximum correlation value C m in the plane of injection parameters is shown in Figure 5 . For a lower injection near zero detuning, high positive magnitude of τ PD is observed (orange color region). The τ PD takes the negative value (yellow region) for positive detuning above +20 GHz with variations of injection rates. Whereas in the negative detuning region, τ PD is observed positive as well as negative with higher magnitudes as negative detuning increased and found to decrease for higher injection rates. In Figure 5 , at low injection rates and moderately away from the zero detuning region, the intra-cavity propagation delay value found high in magnitude (in the order of 10 4 ps) since the quality of synchronization is worse in those regions. The asymmetry in the results with respect to the detuning is due to the influence of asymmetry of synchronization performance C m (Figure 4 ), which is determined by the nonzero linewidth enhancement factor and external injection [51, 52] .
In Figure 6 , we show the trend of maximum correlation coefficient C m (Figure 4 ) and the associated τ PD ( Figure 5 ) for keeping ∆ f = 0 with η variation, which is indicated vertical dashed line in Figures 4 and 5. The C m and τ PD for a range of injection rates are shown in Figure 6 . The magnitude of τ PD (blue trace) decreases from 56.4 ps to 0.4 ps with increasing injection rate, and the respective C m value (red trace) found to increase from 0.75 to 0.98. The decreasing nature of τ PD for higher injection indicates that the injected signal dominates the dynamics and has greatly controlled the receiver laser's independent emission [53] . Figure 7 . The simulated results demonstrate that the RL is driven into the chaotic state only for frequency detuning within −5 GHz to +5 GHz. It can be seen that the degree of synchronization C m (red trace) gradually increases and then decreased when the ∆ f varied from negative to positive. The associated τ PD (blue trace) found lesser near zero detuning and found increasing for higher values of negative detunings. In addition, τ PD consistently decreases with increasing positive detuning. Also, a better synchronization and lesser magnitude of τ PD can be seen near injection-locking boundaries for moderate injection. Additionally, the mapping of C m and the associated τ PD in the plane of TL's feedback rate κ and injection rate η are shown in Figure 8 . We kept the other parameters the same as in Figure 1 . The dark red boundary in Figure 8a indicate that a good synchronization quality (C m > 0.9) can be obtained between TL and RL, which is due to the larger injection rate. And in those regimes, the associated τ PD take positive values as well as found to decrease (light green boundary in Figure 8b ) as the injection rate increases. It is evident from Figure 8a that the quality of synchronization also depends on the κ, wherein which for higher values of κ, stronger injection is a necessary condition to achieve good synchronization between TL and RL. 
Secure Optical Communication
In this section, we investigate the effect of τ PD on the message encoding and decoding based on chaos synchronization between the transmitter and receiver laser. As described in the previous Section 3, the transmitter laser's pump magnitude is modulated with a message and transmitted to the receiver laser. The message recovery is performed by subtracting the receiver laser output from the transmitted output signal and then filtering the difference using a fifth-order Butterworth filter.
A digital message signal with 1.2 Gbit/s bit rate is encoded at the transmitter laser. In Figure 9a , we present the original message m(t) (red) together with the recovered message m (t) (blue). The eye diagram, Figure 9b , shows that the message is successfully recovered with less error, where the eye diagram is very open. Apart from the synchronization performance, the quality of the recovered message would also depend on the chaos pass filtering [54] . The recovered message is shown in Figure 9 obtained prior to the intra-cavity propagation delay τ PD correction in the receiver laser. To quantify the recovered message quality, BER is evaluated and expressed as exp(−Q 2 /2)/ √ 2πQ. The quality factor is defined as Q = ξ 1 − ξ 0 /σ 1 + σ 0 where ξ 1 (ξ 0 ) is the mean power of bits "1" ("0"), and σ 1 (σ 0 ) corresponding standard deviation. It must be stated that the lesser BER value indicates the message recovery quality is better in the communication system. The BER of the recovered message prior to the τ PD correction in the receiver laser is 5.43 × 10 −12 . The evaluated intra-cavity propagation delay τ PD is corrected in receiver laser's output and we repeated the message recovery process. Thus, the obtained BER value is found to be 4.10 × 10 −12 , which is evidently lesser than that of the BER of the recovered message signal obtained prior to the τ PD correction to the receiver laser output. To further compare the influence of τ PD and communication performances with the other schemes such as chaos masking (CMA) and chaos modulation (CMO), the BER is measured for each of the schemes. For CMA scheme, the C m and τ PD are found to be 0.82 and 27.6 ps, respectively. The BER value prior to the τ PD correction is 4.70 × 10 −3 , and after the correction it is 4.59 × 10 −3 . In the case of CMO, the C m is measured to be 0.85 and the corresponding τ PD is 28.2 ps. And the BER value without (with) the τ PD correction is 1.28 × 10 −1 (1.27 × 10 −1 ). It is evident that the τ PD , although small value in relative scales, has a noticeable and measurable effect on the recovery of a message in all three schemes. To ascertain if τ PD correction is going to be a non-ignorable quantity in the recovery process we repeated this study for various injection rates and frequency detunings between TL and RL.
We focus our investigation on the influence of the intra-cavity propagation delay τ PD on message encoding/decoding for various injection rates η between the transmitter and receiver laser.
The encoding message signal at 1.2 Gbit/s bit rate with a modulation depth of b = 0.2, ∆ f = 0, and the injection rate η is varied from 10 ns −1 to 70 ns −1 . The effect of τ PD on the quality of message recovery with varying η is shown in Figure 10 . For each of the values of η, the quality of signal recovery as evaluated in terms of BER, prior to (after) the τ PD correction is shown in a red (blue) trace. We make two inferences from Figure 10 . First, the BER is found to decrease up to the injection rate of η = 17 ns −1 and BER increases for stronger injection. For stronger injection, the receiver tends to exactly reproduce the transmitter output, which consists of the chaotic output carrier together with the message signal. Hence, when stronger injection is applied, apart from the chaotic carrier subtraction, a part of the message signal itself will be eliminated in the process of decoding the signal [27, 28] . Secondly, it is evident from Figure 10 that the BER value is consistently less (blue trace) if message recovery is carried out after the τ PD correction to the receiver's output, which is implying that quality of the message recovery will improve if the intra-cavity propagation delay correction is incorporated in the receiver laser system. Red and blue traces correspond to BER value prior to and after the intra-cavity propagation delay τ PD correction, respectively, in the receiver laser.
Next, we investigate the role of frequency detuning on quality of message recovery and thus the influence of intra-cavity propagation delay τ PD . The injection rate is kept as η = 15 ns −1 and varied frequency detuning ∆ f . The obtained results are presented in Figure 11 . It is evident from the figure that, the BER of the recovered message is found lesser near zero detuning. For ∆ f range −2 GHz to −5 GHz, where the better correlation found between TL and RL (see Figure 7 ), the quality of message recovery is worse (BER is more) since the receiver exactly reproduces the transmitter chaotic carrier output together with the message signal [27, 28] . As we have seen from Figure 7 that the synchronization quality is very sensitive while varying frequency detuning, where that affects message recovery excessively. The analysis of message recovery is restricted within the −5 GHz to +5 GHz detuning boundaries in the Figure 11 since RL is driven into the chaotic state only for ∆ f within −5 GHz to +5 GHz. As far as the influence of τ PD in the message recovery is concerned, in comparison with the BER (red trace) prior to the τ PD correction, the BER is found to decrease (blue trace) after τ PD correction in the recovery process. To further investigate the effect of intra-cavity propagation delay on communication performance, Figure 12 shows the BER of the recovered message for a different modulation depth of 1.2 Gbit/s bit rate message signal. Other parameters kept the same as in Figure 9 . BER of the recovered message is evaluated for different message depth values, for before (red trace) and after (blue trace) the τ PD correction in the recovery process, and shown in Figure 12 . Prior to the τ PD correction, as the message depth gradually increased from 0.01 to 1, the BER decreases dramatically from 0.12 to 5.29 × 10 −21 . Moreover, there is a consistent improvement in the quality of message recovery (BER 0.12 to 1.80 × 10 −21 ) after the τ PD correction (blue trace) as compared to the quality of signal recovery performed without the correction (red trace). Figure 13 shows the BER of the recovered message for different message bit rates at modulation depth b = 0.2. As shown in Figure 13 , the BER is increased as the bit rate increases (blue and red trace) for both before and after the correction cases. The BER performance for lager message bit rate is worse than that for the lower case. For lower message bit rates (≤6 Gbit/s), the high-quality chaos communication is obtained, where the BER is sustained to be the order of 10 −9 . As also noticed that the BER performance of the recovered message is improved (see inset of Figure 13 ) when incorporating the intra-cavity propagation delay correction in the message recovery process. We observe that, considering BR = 1.2 Gbit/s with b = 0.2 in Figure 10 , the quality of message recovery is modest in the region η between 12 ns −1 to 18 ns −1 for keeping ∆ f = 0 and other lasers' parameters same. Next in Figure 11 the message recovery quality is adequate and appropriate near zero detuning. In Figure 12 , modulation depth beyond 0.05, the message recovery quality improves satisfactorily. Finally in Figure 13 , it's evident that bit rate less than 6 Gbit/s better quality of chaos communication is obtained.
Conclusions
To summarize, we have numerically shown the role of intra-cavity propagation delay in message encoding and decoding using chaotic semiconductor lasers. Based on the chaos shift keying scheme, a digital message signal of 1.2 Gbit/s bit rate with a modulation depth of 0.2 is encoded at the transmitter laser and is recovered at the receiver by comparing its output with the transmitter laser. We found that despite the magnitude of intra-cavity propagation delay τ PD is less, it has an impact on the quality of message recovery. The influence of τ PD and the associated bit error rate of the recovered message signal is carried out for different values of injection rates. The results convey that, τ PD correction in the recovery process does improve the quality of message recovery. Next, the influence of frequency detuning on τ PD and thus on the message recovery is investigated. The quality of message recovery shows an improvement after the τ PD correction. Furthermore, we have presented the effect of τ PD on the quality of message recovery for the range of modulation depths and message bit rates. We note that recovered message quality found to increase (BER is less) after the τ PD correction for each value of modulation depths and bit rates. Although, the τ PD magnitude (order of pico-seconds) is much less, it does have an effect in the signal recovery, where we find the effect is also less. Nevertheless, we emphasize that, in long-haul communication, where more than one receiver laser is considered in the communication system, the τ PD would have noticeable effect, since it is a dynamically arising time delay in the system and has an accumulative nature as TL output propagates through multiple receiver lasers in the cascading configuration [48] . However, the study of τ PD influence in the long-haul communication system is beyond the scope of our present study. In conclusion, we can emphasize that the intra-cavity propagation delay correction needs to be incorporated to the receiver laser in order to achieve a better quality of message recovery in a system of synchronized chaotic semiconductor diode lasers.
